Abstract In this study, we aimed to compare the effects of six different cell culture media and autologous serum (AS) on the phenotypic characteristics of rabbit limbal epithelial stem cells (LESC) cultivated on porous polyethylene terephthalate (PET) membranes. Limbal explants from rabbit corneas were grown on PET membrane inserts in five different media: DMEM-F12 with fetal bovine serum (FBS) (DMEM-F12-FBS), with pluripotin (DMEM-F12-pluripotin) and with autologous serum (DMEM-F12-AS), Epilife, Keratinocyte Serum Free Medium (KSFM) and Defined-Keratinocyte Serum Free Medium. The effects of different media were evaluated by total cell yield from explants, measuring the expression of proteins by immunofluorescence and gene expression by Real Time PCR. In all five media tested, most of the limbal epithelial cells (LEC) which proliferated from explants were positive for cytokeratin (CK) 14 (85-90%), indicating that all five media support the growth of LESC from explants. The expression of differentiation markers; CK 3 and 12 was highest in DMEM-F12-FBS (56%), was lower in Epilife and KSFM (26 and 19%, respectively), with the lowest values (13%) obtained in DMEM-F12-AS. Gene expression of limbal cultures on PET membrane inserts was compared to fresh limbal tissue. In DMEM-F12-FBS, DMEM-F12-pluripotin, and DMEM-F12-AS, expression of potential LESC markers CXCR4 and polycomb complex protein BMI-1 were similar to limbal tissue. DMEM-F12 with 10% AS maintained a higher percentage of potential stem cell marker genes and lower expression of genes involved in differentiation compared to Epilife or KSFM. Our study shows that rabbit LEC can be cultivated on PET inserts using DMEM-F12 with autologous serum without a requirement for amniotic membrane or feeder cells.
Introduction
The cornea is a regenerating stratified squamous epithelium. The homeostasis of corneal cells is required for a clear cornea and good vision, and this is mediated by stem cells located in the basal layers of the corneoscleral limbus (Schermer et al. 1986; Tseng 1989) . The current theory of corneal epithelial renewal is based on the presence of a group of unipotent stem cells (SC) termed limbal epithelial stem cells (LESC) residing in the basal limbus. Their concomitant migration, transformation (through an intermediary state termed transient amplifying cell; TAC) and final homing in the cornea is critical to the formation of terminally differentiated corneal epithelial cells (Yoon 2014) . Several proteins have been identified as possible markers of LESC; these are, cytokeratin (CK) 14,15,19 (Schlötzer-Schrehardt and Kruse 2005) , p6, (Ghoubay-Benallaoua et al. 2011 ) CXCR4, polycomb complex protein BMI-1 and intermediate filament protein; vimentin. These cells are negative for CK3/12 (Schermer et al. 1986 ) and connexin 43 . Due to the expression of the drug efflux transporter ABCG2, LESC can be characterized and purified by the efflux of various molecules such as Hoechst 33342 and JC-1 by flow cytometry. They are designated as side population (SP) cells (de Paiva et al. 2005; Selver et al. 2011) . LESC are envisioned to be present in a unique microenvironment termed the limbal niche. Its anatomical location is the Palisades of Vogt and comprises cellular and extracellular components (Dziasko and Daniels 2016) . The limbal niche is similar to other stem cell niches that are spatially distributed in various tissues (O'Brien and Bilder 2013) . LESC function is affected by their proximity to cells in the niche compartment, the interaction of these cell groups involves SDF-1/CXCR4 signaling pathways (Xie et al. 2011) .
Various diseases of the ocular surface lead to Limbal stem cell deficiency (LSCD), loss of limbal function, interruption of the replenishment of corneal epithelial cells, which ultimately results in vision loss. Current treatment approaches of LSCD are; (a) Auto or allotransplantation of limbal tissue explants or (b) in vitro expansion of cells from limbal tissue, to be transplanted to the ocular surface (Pellegrini et al. 2014) . Clinically, the most widely used treatment for LSCD is autologous limbal stem cell transplantation (Pellegrini et al. 2007 ). With a reported success rate of 76%, culturing and transplantation of LECs is emerging as a promising treatment approach (Baylis et al. 2011) .
One major limitation of limbal explant transplantation is that fresh limbal epithelial tissue has been reported to contain less than 1% LESCs in human/ rabbit (Budak et al. 2005) . In vitro expanded cells establish a mixed population including LESCs, TACs, and differentiated cells. The most widely used technique for restoring corneal function in limbal deficiency is to transplant LESCs expanded ex vivo on AM (Zhao and Ma 2015) . By in vitro expansion on human amniotic membrane (AM), SP cells were reported to be increased to 12.3 and 25.8% for human and rabbit samples, respectively (Selver et al. 2011) . Although culturing explants on AM is currently the predominant method of ex vivo propagation of LECS, drawbacks of using AM exist including; availability issues, the possibility of contamination and transfer of infections from the mother. Therefore, other supporting materials have been recently investigated (Joe and Yeung 2014) .
Mesenchymal stem cells (MSC) are present in different tissues and human MSC derived from various sources are currently in use for the treatment of a wide variety of diseases (Sharma et al. 2014) . Culture media for MSC growth and expansion contain fetal bovine serum (FBS), growth factors, and hormones with xenogenic origin; pointing to issues of safety if cultivated cells are to be used in a clinical setting. Therefore, various approaches to cultivate MSC in defined serum-free media are being developed (Jung et al. 2012) . Both autologous and allogeneic sera have been investigated as an alternative to FBS for stem cells (Kinzebach and Bieback 2013) . As media for LESC culture are based on Green medium containing DMEM/F12, L-glutamine, FBS, cholera toxin, insulin, hydrocortisone, and antibiotics (Rheinwald and Green 1975) , to which different groups have made various small molecule additions, the same safety concerns apply to these cells. Although most clinical trials for LSCD have used variations of six main cell culture protocols, a systematic analysis of the inclusion of all media components has not been performed (Tseng et al. 2010) . To circumvent xenogeneic contamination from FBS, pooled human serum has been utilized in LSCD. Transplantation of human LESCs propagated on AM in an autologous serum-based medium has been reported to be successful in the treatment of LSCD (Kolli et al. 2010) . There is no consensus on an ideal LESC culture medium. Therefore, there is a need to define media showing optimal cell growth and with minimal xenogeneic components.
The objective of this work was to provide information on the feasibility of culturing rabbit limbal tissue in cholera toxin free medium with minimal xenogeneic medium additives, by using autologous rabbit serum (AS) as a substitute for FBS and using PET membrane inserts as a physical support. This paper compares the effectiveness of six different culture media [DMEM-F12 with the addition of FBS, autologous rabbit serum (AS) or pluripotin, KSFM, Epilife, Keratinocyte Serum Free Medium (KSFM) and Defined-Keratinocyte Serum Free Medium (D-KSFM)] on the growth and phenotype of LESC grown ex vivo from rabbit limbal tissue on PET membrane inserts.
Materials and methods

Harvesting of limbal tissue from rabbits
The animal study was approved by the Dokuz Eylul University, Laboratory Animals Local Ethical Committee (protocol number 36/2014). New Zealand white rabbits weighing 2-3 kg and 1-1.5 years of age were used in this study. Following general anesthesia with xylazine hydrochloride (5 mg/kg) together with ketamine hydrochloride (50 mg/kg), approximately 1 9 2 mm in size limbal explant biopsy was taken from the rabbits.
The limbal tissues were placed in optisol GS (Bausch?Lomb, Rochester, NY, USA) and transported to the laboratory.
Preparation and cultivation of limbal explants
Limbal tissue was manipulated in a laminar flow hood under aseptic conditions. The explants were directly placed on high pore density, polyethylene terephthalate six-well culture inserts (PET membrane insert, 0.4 lm pore size, BD Falcon, 353090, Franklin Lakes, NJ, USA), with the epithelial surface facing upward. The explants were subsequently cultured with one of six culture media. Initially, the explants were covered with 1-2 drops of medium and kept for 2 days to allow the explants to adhere to the insert. Following this, 2 mL of medium were added on top and below the explants. The cultures were maintained in a 37°C humidified incubator with 5% CO 2 . No feeder cells were used to support cell growth. The medium was changed every 2 days for 14 days.
Culture media
Six different culture media were used for the cultivation of limbal explants: All media contained 1% penicillin streptomycin (5000 U/mL penicillin and 5000 lg/mL streptomycin) (Gibco).
Isolation of cells from PET membrane inserts
Cells were isolated from PET membrane inserts using dispase. The explants were removed and the cells remaining on the inserts were incubated with 2 mg/ mL dispase II (Roche, Basel, Switzerland) in DMEM-F12 solution at 37°C for 20 min., while shaking at 80 rpm. After dispase II digestion, epithelial sheets detached from PET inserts were incubated with 0.25% trypsin-EDTA (Sigma) solution at 37°C for ten min., with shaking at 80 rpm. This second incubation enabled the isolation of single cells. They were counted with a hemocytometer for the determination of the number of cells proliferating from each explant, or used for protein expression analysis by immunocytochemistry.
Isolation of cornea and conjunctiva cells
Cornea and Conjunctiva tissues were separately incubated in 4 mg/mL dispase II/DMEM-F12 solution at ? 4°C overnight with shaking at 20 rpm. Following digestion, tissues were scraped gently with a cell scraper and harvested cells were incubated with 0.25% Trypsin-EDTA solution at 37°C for ten min., with shaking at 80 rpm.
Immunocytochemistry
The isolated conjunctival or corneal cells and cells grown in culture were placed in compartments of a Cytospin (Hettich, Tuttlingen, Germany) and centrifuged at 2000 rpm for 8 min to prepare slides (2500 cells per slide). These were dried for 15 min at room temperature and fixed in cold methanol.
The cells were blocked with 1% bovine serum albumin (BSA, Sigma) in PBS (Thermo Scientific HyClone, Waltham, MA USA) and incubated 30 min., at room temperature (RT). After permeabilization, the cells were incubated with primary antibodies: anti-CK14 (1:100 Millipore, Darmstadt, Germany), anti-CK3/12 (1:100, Abcam, Cambridge, UK), anti-vimentin (1:100, Abcam) for one h at RT. After washing with PBS, the cells were incubated for one h with FITC-conjugated goat polyclonal secondary antibody (1:100, Abcam). Nuclear staining was performed with 4 0 -6 0 -diamino-2 phenylindole (DAPI, Invitrogen, Waltham, MA, USA). The stained cells were viewed under a fluorescent microscope (Olympus BX61, Tokyo, Japan).
Total RNA isolation from limbal tissue and cells, RNA quality control Freshly isolated limbal tissues were incubated in 4 mg/mL dispase II/DMEM-F12 solution at ? 4°C overnight with shaking at 20 rpm. Following digestion, tissues were scraped gently with a cell scraper. For cells cultivated from explants, the limbal explant was initially removed. From this point on, the same procedure was used for limbal tissue and cells growing from explants. Total RNA was isolated using a kit (Aurum TM Total RNA Mini Kit; BIO-RAD, Hercules, CA, USA), according to the manufacturer's protocol. 1 mL lysis buffer was added directly to the digested tissues or PET inserts with cells.
DNase I digestion eliminated residual genomic DNA in the RNA samples (BIO-RAD, supplied with Aurum TM Total RNA Mini Kit). The RNA was quantified by measuring the absorbance at 260 nm, and its purity was evaluated from the 260/280 ratio of absorbance (1.80-2.00) with Nanodrop (Thermo Scientific). The total RNA integrity number (RIN values [ 5.0 regarded as acceptable) was evaluated using the Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). One lg total RNA was reverse transcribed with cDNA synthesis kit (iScript TM cDNA Synthesis Kit; BIO-RAD) according to the manufacturer's protocol.
Reverse transcription and gene expression analysis by quantitative real-time PCR
For gene expression CXCR4, P63, ABCG2, Bmi-1 genes were selected for possible LESC markers and Connexin 43, CK3, CK12 genes were chosen as differentiation markers. For rabbit genes for which no PCR primers were reported in the literature, primers were designed using National Center for Biotechnology Information's (NCBI) databases. Primers for the genes used in this study are listed in Table 1 ; published rabbit primers are from Liu et al. (2010) Quantitative real-time polymerase chain reaction (qRT-PCR) was performed by using a LightCycler 480 instrument (Roche Diagnostics, Nonnenwald, Penzberg, Germany). Products of PCR amplification were detected through intercalation of the SYBR green dye from Luminaris Color HiGreen qPCR Master Mix kit (Thermo-Scientific). The amplification cycles were as follows: 95°C for 10 min, followed by 45 cycles at 95°C for 15 s, 52°C for 30 s and 72°C for 30 s. Each sample was tested in duplicate. To confirm their amplification specificity, the PCR products were subjected to a melting curve analysis.
Gene expression was normalized to the expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), hypoxanthine phosphoribosyltransferase 1 (HPRT1) (Seol et al. 2011 ) and (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta (YWHAZ) (Mamo et al. 2008 ).
Normalization to three housekeeping genes was done according to Vandesompele et al. (2002) .
Statistical analysis
Statistical Analysis was performed using SPSS program (IBM SPSS Statistics Version 20, SPSS Inc. Chicago, IL, USA). Data were evaluated with the nonparametric Mann-Whitney U-test and Kruskal-Wallis test. A p-value of \ 0.05 was considered to be statistically significant.
Results
Cell growth from explants in different culture media
The success of limbal explant culture was dependent on the attachment of the explants to PET membrane inserts and irrespective of the media used, 80% of the explants were observed to attach. The shapes of the cells proliferating from the explants are shown in Fig. 1 , were not significantly different from each other in the media used in this study. Few cells were observed to grow from the explant in the D-KSFM medium.
After 14 days on PET inserts, approximately 140.500 cells were obtained from an explant in the DMEM-F12-FBS. DMEM-F12-Pluripotin medium gave a similar cell yield, whereas the use of Epilife, KSFM, and DMEM-F12-AS resulted in significant increases in cell yield (p \ 0.0001, p \ 0.0001 and p \ 0.009, respectively). Cell numbers were approximately ten-fold greater for Epilife and KSFM and three-fold for DMEM-F12-AS (Fig. 2 ). Among the media tested, D-KSFM provided the lowest cell yield, one-tenth of the DMEM-F12-FBS. Therefore, further experiments with this medium were not performed. Protein expression in cornea and conjunctiva cells Isolated corneal cells were shown to express CK3/12, but not CK14 and vimentin. Almost all conjunctival cells expressed CK14, but hardly any expressed vimentin and CK3/12 (Fig. 3) .
Protein expression in cultivated limbal epithelial cells
Immunofluorescence analysis was performed with cells grown in the five media (Fig. 4) . The expression of the following proteins was investigated; CK14; a limbal cell marker, vimentin; a marker for limbal basal and stem cells and CK3/12 that is a marker for differentiated limbal cells. In all five media tested, most of the limbal epithelial cells (LEC) which proliferated from explants were CK14 (?) (85-90%) (Fig. 5) . Cells grown in Epilife and DMEM-F12-AS had a higher percentage of CK14 positive cells compared to DMEM-F12-FBS (p \ 0.0001, p \ 0.013, respectively, two-sided posthoc analysis). The increase in CK14 expressing cells in DMEM-F12-pluripotin was not significant. Fig. 2 Cell yield from explants on PET membrane inserts in five different cell culture media. Cells were isolated from PET membrane inserts using dispase and total cell yield per insert was counted. Mann-Whitney U-test was performed (*p \ 0.0001). Data shown are mean ± S.E. The N values for each group are; DMEM-F12-FBS;11, DMEM-F12-Pluripotin;10, DMEM-F12-AS;3, Epilife;10, KSFM;11, D-KSFM;13 36% of cells expressed vimentin in DMEM-F12-FBS, its expression was significantly lower (6-27%) in the four media tested. Vimentin-positive cells grown in Epilife and KSFM were lower than when grown in DMEM-F12-FBS (p \ 0.003, p \ 0.001, respectively, two-sided posthoc analysis).
Among the five media, the highest expression of CK 3/12 was in DMEM-F12-FBS (56%), and was lower in four media (13-28%) with the lowest value observed in DMEM-F12-AS.
Gene expression by real-time PCR
Gene expression of rabbit limbal cultures on PET membrane inserts were compared to gene expression in native limbal tissue. In DMEM-F12-FBS, DMEM-F12-pluripotin, and DMEM-F12-AS media, expression of potential LESC markers CXCR4 and Bmi-1 were not significantly different from that in limbal tissue (Fig. 6 ). The expression of these two genes decreased in KSFM, the decline in Bmi-1 was significant in Epilife. Relative to limbal tissue, ABCG2, and p63 expressions were significantly decreased in all five media tested.
DMEM-F12-pluripotin and DMEM-F12-AS better maintained the progenitor characteristics of LESC, as the mRNA expression of CXCR4, ABCG2, Bmi-1 and p63 was higher in these media when compared to Epilife and KSFM.
The expression of three differentiation-related genes; connexin 43, CK3, CK12, was observed to decrease significantly in all five media tested. 
Discussion
LECs were grown from limbal explants on PET membrane inserts and the effects of culture media on cell yield, protein and gene expression was studied. The use of full thickness explants in our approach is envisioned to keep the proximity of stromal niche cells with LESC and maintain their support during outgrowth from the explants. The preferred treatment of LESC deficiency by the majority of clinical research groups is growing LEC from limbal explants on AM with subsequent transplantation to the patients. Variability among donors, the need for thorough infection testing, the unreliability of supplies are significant drawbacks in using AM (Levis and Daniels 2009) . Our approach has been to use PET membrane inserts to support the limbal explants and DMEM-F12-FBS, Selver et al. (2011) have reported that PET membrane inserts promote the growth of human LEC and enable successive passaging of outgrowth cells for 1 month.
We compared cell yield from limbal outgrowth on PET membrane inserts after 14 days in culture. Our results indicate that the cell yield from rabbit limbal explants grown on PET membrane inserts in the DMEM-F12-FBS is 14. concentration of DMEM-F12-FBS (1.05 mM) is higher than of Epilife (0.06 mM) and of KSFM (0.09 mM). High extracellular calcium has been shown to affect limbal cell proliferation (Kruse and Tseng 1992 ) and differentiation (Kawakita et al. 2008) . The high cell yield we have observed in these two media with low calcium levels may be related to the presence of EGF. Acting as a mitogenic growth factor, EGF may be responsible for the high cell yields in Epilife and KSFM. We have observed very low numbers of cells growing from explants in D-KSFM. Others have also reported the failure of cell proliferation in D-KSFM (Bray et al. 2012) . In this study, the phenotype of LEC was investigated using immunocytochemistry, and a quantitative analysis of cell phenotype was performed in different media. In all five media tested, almost all cells were CK14 (?) (85-90%). CK14 has been reported to be expressed in LESC and TACs expanding from limbal explants (Figueira et al. 2007 ). This result indicates that all five media support the growth of LESC from rabbit explants. In human limbal explants cultured in supplemental hormonal epithelial medium (SHEM, almost identical to Green medium), 69% of the outgrowth cells were CK14(?) (González and Deng 2013) .
Vimentin is an intermediary filament protein expressed by limbal basal epithelial cells, has been found to be positive in cells present in the limbal crypt (Shanmuganathan et al. 2007 ) and is widely accepted as a marker of undifferentiated cells (GhoubayBenallaoua et al. 2011) . Vimentin is present in 36% of cells in DMEM-F12-FBS, and its expression was significantly lower in the other four media tested (lowest in KSFM; 6%). In a similar study, 37% of cells grown in Green medium from full thickness human limbal explants on plastic culture plates expressed vimentin (Ghoubay-Benallaoua et al. 2011) . In a report comparing SHEM with Epilife and KFSM, vimentin has been shown to be highly expressed in all three media (65-74%) (Loureiro et al. 2013 ). The researchers have attributed this high vimentin expression to the presence of spindle-shaped fibroblast-like cells in their culture. In our experiments, the cells proliferating from explants were almost all polygonal in shape, ruling out fibroblast contamination in the culture of 2 weeks' duration. In a recent study in which human limbal explants were cultured utilizing FBS containing DMEM only, cells growing proximal to the explants showed 67% vimentin positivity (Szabó et al. 2015) . Our results differ from these studies in that much lower vimentin expression was observed in all four media.
Both CK3 and CK12 are cytoskeletal proteins reported to be present in the cornea and indicate corneal differentiation (Baylis et al. 2011) . CK3 is also present in the human limbal epithelium in a suprabasal localization (Schlötzer-Schrehardt and Kruse 2005) . In an immunofluorescence study, rabbit limbal explants on AM showed CK3 and CK14 protein expression on upper suprabasal and lower basal layers of the explant, respectively (Wang et al. 2003) . We have used an antibody that recognizes both CK3 and CK12 proteins to probe their presence on cells growing from explants. CK3/12 protein expression was 56% in cells in DMEM-F12-FBS and lower in Epilife and KSFM. Our CK3/12 protein expression in Epilife and KSFM is significantly lower than that reported for CK3 by Loureiro et al. for these media (46.5 and 65% respectively) (Loureiro et al. 2013) . Cells in DMEM-F12-AS show the highest CK14 and lowest CK3/12 protein expression, indicating that DMEM-F12-AS is much more effective in supporting the limbal stem cell phenotype. In a recent study by Pathak et al. (2016) , the expression of cytokeratin 3, 12 and 14 proteins was not significantly different between SHEM and DMEM-F12 with autologous serum.
When compared to data obtained from human limbal explants in media of similar composition, our results indicate that almost all cells from rabbit limbal explants are CK14(?), while CK3/12 and vimentin protein expression are low, pointing to the effect of PET membrane or a species difference.
Real-Time PCR quantified the expression of four possible LESC marker genes and three differentiationrelated genes in cells growing from explants on PET inserts. The expression of ABCG2, p63, and Bmi-1 were low in Epilife and KSFM, whereas a reduction in CXCR4 was observed in KSFM. The decrease in mRNA expression of CK3 and CK12 paralleled the decline in protein levels for cells in KSFM and Epilife. The results of a study comparing the effects of Epilife and KSFM on gene expression in human cells growing from explants on plastic reported higher levels of ABCG2 and p63, contrasting with our results (Loureiro et al. 2013) . Another study has shown that human limbal explants cultured on AM in SHEM, ABCG2, DNp63 expressions decreased as cells proliferated away from the explant (Kolli et al. 2008) .
In LESC growing from explants on PET inserts maintained in DMEM-F12-FBS, DMEM-F12-pluripotin, and DMEM-F12-AS, the expression of two stem cell markers ABCG2, p63 were lower, whereas expression of CXCR4 and Bmi-1 did not differ from limbal tissue levels. Pluripotin is a small molecule that has been reported to maintain the self-renewal properties of embryonic stem cells in the absence of feeder cells (Pieters et al. 2012) . Pluripotin increased the protein expression of DNp63 and ABCG2 and decreased CK3/12 in rabbit LEC (Duan et al. 2012) .
ABCG2 is a membrane transport protein, and its dye exclusion activity enables the separation of side population cells which are designated as LESC (Budak et al. 2005) . In DMEM-F12 supplemented with hormones and cholera toxin, human cells proliferating from explants on AM maintained ABCG2 gene expression at the limbal tissue level (Pauklin et al. 2011) . Another study using the same medium reported 46% ABCG2(?) cells by immunocytochemistry (Loureiro et al. 2013) , whereas in a different report, the use of cholera toxin free Green medium resulted in the total loss of ABCG2 protein expression (GhoubayBenallaoua et al. 2011) .
The transcription factor p63 is a p53 protein homolog that has been initially identified as a keratinocyte stem cell marker (Pellegrini et al. 2001) . It has been shown to be expressed in cells that have migrated from limbal explants; this suggests that p63 marks both LESC and TACs (Joseph et al. 2004) . Qu et al. have reported that in human LSC grown from explants, p63 mRNA and protein expression was decreased in 100% confluent cells compared to cells growing exponentially (Qu et al. 2015) . Confluency attained after 2 weeks of culture in outgrowths from explants may be the cause of the decrease in expression of p63 and other cell marker genes in our experiments.
Bmi-1 is a protein that has a role in self-renewal of adult stem cells (Bhattacharya et al. 2015) . It was shown to be expressed in rabbit LESC and regarded as a possible marker for these cells (Umemoto et al. 2006) .
CXCR4 is the receptor of CXCL12/SDF1 (C-X-C chemokine ligand 12/stromal derived factor 1). Initially observed in porcine limbal side population cells (Akinci et al. 2009 ), this protein has recently been reported as an important component of the limbal stem cell niche (Szabó et al. 2015) . While limbal stem cells are positive for SDF-1, stromal niche cells have been shown to be positive for vimentin and CXCR (Pieters et al. 2012; Schermer et al. 1986 ). The close physical association of LESC with niche cells through SDF-1/ CXCR4 signaling is proposed to be the key components of the limbal niche. In a recent study comparing cells grown from human limbal explants on AM versus plastic, CXCR4 expression was found to be significantly lower in cells on AM (Lužnik et al. 2016) .
Our approach culturing rabbit limbal tissue in DMEM-F12 based cholera toxin free medium with minimal xenogeneic medium additives may have resulted in the expansion of a group of cells that express vimentin at low levels, whereas limbal stem cell markers CXCR4 and Bmi-1 are represented at the limbal tissue level. This suggests that the culture conditions mentioned above favor the proliferation of a subset of cells belonging to the limbal niche in addition to limbal stem cells. Due to the difficulty in finding antibodies that recognize rabbit CXCR4 and Bmi-1, we were not able to perform immunocytochemistry for these two proteins.
Our results may be explained by a model in which different subpopulations of cells originating from the explants; while almost all cells express CK14, one group may be expressing low ABCG2, while CXCR4 and Bmi-1 are maintained at limbal tissue levels, the other group presenting with a typical side population phenotype with high ABCG2 expression. This proposition is supported by a recent study in which single-cell quantitative realtime reverse transcription polymerase chain reaction (qRT-PCR) was used to show that in rabbit limbal tissue, the side population cells are formed by at least two immature cell populations with endothelial-or mesenchymal-like phenotypes (Kameishi et al. 2016) .
LESCs have been propagated successfully in media containing human serum instead of FBS, with positive long-term clinical outcomes for patients with LSCD (Kolli et al. 2010 ), but only one study has compared the effects of DMEM-F12 with human serum with SHEM, focusing on two stem cell protein markers and a few limbal stem cell genes (Shahdadfar et al. 2012) . We present an analysis of protein and gene expression of LESC grown in DMEM-F12 with autologous serum; these results are novel for rabbit cells, and our data are in line with the observations of Shahdadfar et al. in that DMEM-F12-AS supports high CK14, low CK3/CK12, and vimentin protein expression. In this medium, mRNA expression of CXCR4, ABCG2, Bmi-1 and p63 were also maintained at limbal tissue levels.
In summary, our work contributes to the field by presenting an analysis of protein and gene expression of LESC grown in DMEM-F12 with autologous serum. DMEM-F12-AS better maintains the progenitor characteristics of LESC, as the mRNA expression of CXCR4, ABCG2, Bmi-1 and p63 was higher when compared to Epilife and KSFM.
In conclusion, our study shows that rabbit LECs can be cultivated on PET inserts using DMEM-F12 with autologous serum without a requirement for AM or feeder cells. With further study, this may be applied to human cells grown from limbal explants and can be utilized in clinical treatment. We believe that this study advances our understanding of the behavior of stem cells in vitro and in vivo.
